Introduction
Glioblastoma multiforme (GBM) is the most common intracranial malignancy in adults, and is associated with poor outcomes [1] . Emerging evidence suggests that there is a rare population of tumour cells, called glioma stem cells (GSCs), responsible for GBM initiation, propagation, resistance to radiotherapy and recurrence of disease. Although the origin of cancer stem cells (CSCs) remains controversial, it has been suggested that cancer cells may acquire CSC phenotype through reprogramming or dedifferentiation under certain conditions, known as cell plasticity [2] [3] [4] .
The stem cell niche is composed of stem cells, neighbouring supportive cells, inflammatory cells, microvessels, extracellular matrix and soluble factors such as chemokines and cytokines, which assist stem cells in maintaining their stemness and in avoiding apoptosis [5] . The perivascular [6, 7] , hypoxic [4, 8] and metastatic niches [9, 10] are the three most-studied areas in the field of GSCs [11] , and our previous study demonstrated that CD133 + GSCs were associated with tumour vasculature and promoted angiogenesis through the production of VEGF [12] . Endothelial cells (ECs) functioned as an important player in the perivascular niche to promote the self-renewal of CSCs in medulloblastoma and GBM [13] . However, the underlying mechanism is still unclear.
The Hedgehog (HH) pathway is known to direct embryonic growth and cell fate determination in embryonic development. Recently, this pathway has been found to participate in maintaining the self-renewal of somatic stem cells, which is also dysregulated in many types of tumours [14, 15] . The canonical HH pathway is activated by three kinds of HH ligands (Shh, Ihh and Dhh) that bind to the multi-component receptor complex, including the trans-membrane protein Patched (PTCH) and the G-protein coupled protein Smoothened (Smo). The binding of Shh to PTCH releases Smo, thereby altering the activity of Glioma-associated 12 GN Yan et al oncogene homologue 1 (Gli1) protein to initiate the transcription of downstream genes [16] . Importantly, the HH pathway is highly activated in many brain tumours, including glioma [17, 18] . Thus, we postulated that the HH pathway might participate in the regulation of the interaction between ECs and GSCs.
In this study, we demonstrated that ECs functioned as a part of the GSC niche to promote GSC-like phenotype by providing Shh to activate HH pathway. Our study highlights the importance of the HH pathway in the CSC niche to regulate GSC phenotype. Table S1 ). The tumour specimens were independently classified by at least two pathologists according to the 2007 WHO classification of central nervous system tumours. All patients were followed for at least 3 years. All experiments were approved by the Institutional Ethics Committee of Southwest Hospital, Third Military Medical University. Written informed consent for the biological studies was obtained from the patients or their guardians.
Materials and methods

Primary glioma samples
Immunofluorescence staining
For tissue experiments, human GBM samples and mouse allografts were frozen and fixed in cold acetone. Primary rabbit anti-human CD31 (1:100; Anbo Biotechnology, San Francisco, CA, USA), mouse anti-human CD45 (1:50; BD Falcon, Franklin Lakes, NJ, USA), rabbit anti-human VE-cadherin (1:100; Cell Signaling Technology, Danvers, MA, USA), mouse anti-human CD133 (1:100; Miltenyi Biotec, Germany), rabbit anti-mouse CD133 (1:100; Miltenyi Biotec), rat anti-human Shh (1:200; R&D Systems, Minneapolis, MN, USA) and rat anti-human Gli1 (1:200; R&D Systems) were used. For immunofluorescence experiments, cultured cells were fixed in 4% paraformaldehyde. Primary rabbit anti-mouse β-catenin (1:200; Abcam, Cambridge, UK), rabbit anti-mouse Hes1 (1:1000; Novus Biologicals, Littleton, CO, USA), mouse anti-mouse Bmi1 (1:100; Abcam), rat anti-mouse Gli1 (1:100; R&D Systems), rabbit anti-mouse Olig2 (1:200; Novus Biologicals) and rabbit anti-mouse Sox2 (1:200; Novus Biologicals) were used. After being labelled with the corresponding secondary antibodies, all samples were then examined under a laser confocal scanning microscope (SP-5, Leica, Germany).
Cell culture
GL261 (mouse glioma cell line) and b.END3 (mouse brain microvessel endothelial cell line) cells were purchased from the Cell Bank of Shanghai Institute of Cell Biology and Biochemistry, Chinese Academy of Sciences (Shanghai, China). U251 cells (human GBM cell line) and human umbilical vein endothelial cells (HUVECs) were purchased from ATCC (Manassas, VA, USA). Mouse cells were cultured as previously described [19] . Human cells were cultured using Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Tumour spheres were cultured in serum-free DMEM/F12 medium with 10 ng/ml epidermal growth factor (EGF, PeproTech), 10 ng/ml bFGF (PeproTech) and 2 mg/ml B27 (Sigma) (stem cell medium). For co-culture experiments, transwell cell culture inserts (0.4 μm pore size; Millipore, USA) were used. Briefly, 2 × 10 5 tumour cells with 2.6 ml medium were seeded in the lower chamber of six-well plates, and 1 × 10 5 ECs with 1.4 ml medium were seeded in the upper chamber of the insert. After 24 h of culture, the media were changed and the insert was transferred into the well with tumour cells. After co-culture for an additional 48 h, the cells were harvested.
Tumour sphere initiation assays
The cells were trypsinized and seeded in stem cell medium to form primary tumour spheres, which were then disaggregated and reseeded for evaluation of the self-renewal of GSCs by formation of secondary tumour spheres. After co-culture with ECs for 24 h, the tumour cells were harvested and seeded into 96-well plates with cell concentrations of 5-20 cells/well. Each well received 20 μl fresh medium every 2 days. After culture for 14 days, culture wells with spheres were marked and spheres were counted [20] .
Allografts
Both subcutaneous and orthotopic allograft models were generated by transplantation of 3 × 10 5 GL261 cells, with or without 3 × 10 4 b.END3 cells, into 4 week-old C57 mice (Laboratory Animal Centre, Third Military Medical University). The allografts were observed and measured and the mice were weighed every 2 days. Allograft-bearing mice were sacrificed and the allografts were obtained and measured at the end of week 3 (subcutaneous transplantation) or week 2 (orthotopic allograft). The brain of each allografted mouse was sliced into several coronal sections; the section with the largest tumour diameter was measured using ImageJ (http://rsbweb.nih.gov/ij/; NIH, Bethesda, MD, USA) [21] . Tumour volume (Tv) was calculated using the formula: Tv = L (length) × W 2 (width)/2 [22] . The animal experiments were approved by the Institutional Ethics Committee.
Immunohistochemistry
Immunohistochemistry (IHC) was performed using an IHC kit (Zsbio, Beijing, China). Primary rabbit anti-human CD34 (1:100; Maxim, Fuzhou, China), rabbit anti-human Shh (1:100; Novus Biologicals), rabbit anti-human/mouse PTCH (1:100; Novus Biologicals) and rabbit anti-human Gli1 (1:100; Novus Biologicals) were used. Secondary antibodies included HRP-conjugated goat anti-rat IgG and goat anti-rabbit IgG. The specimens were independently scored by two pathologists who were blinded to the clinicopathological data. An area ratio (AR) was derived from the division of the IHC-positive area by the blank area under microscopic fields, and was applied for calculation of average levels of expression: AR = 0, 0-10% positive area; AR = 1, 10-50% positive area; AR = 2, 50-80% positive area; and AR = 3, > 80% positive area. The relative expression (RE) level was the immunostaining intensity of each sample: RE = 0, negative; RE = 1, yellow staining; RE = 2, brown staining; and RE = 3, dark brown staining. The final scores were the sum of AR and RE: scores of 0-2 were negative, 3-4 were moderate and 5-6 were high [23] .
Statistical analysis
For pathological analysis, perivascular glioma cells were defined as those closer than 50 μm to the nearest ECs, which was about twice the average diameter of a glioma cell. ECs were referred to serial section specimens of haematoxylin and eosin (H&E) and CD34 staining [24] . Kaplan-Meier analysis was used for survival analysis, which was counted from the date of initial diagnosis. All in vitro experiments were conducted at least three times and the results are presented from representative experiments. Data are expressed as mean ± standard deviation (SD). The statistical significance between testing and control groups was analysed with SPSS 16.0 statistical software (SPSS Inc., Chicago, IL, USA). When two groups were compared, the unpaired Student's t-test was used; p < 0.05 was considered statistically significant. Table S2 .
Results
CD133-expressed GSCs localize close to Shh-expressing endothelial cells
Immunofluorescence experiments on human GBM samples were conducted to investigate the role of the HH pathway in mediating the interaction of ECs with GSCs. As shown in Figure 1 , CD31 + ECs were located close to CD133 + GSCs ( Figure 1A ), which is in agreement with our previous study [12] . These CD31 + ECs appeared to be immature microvessels that were diffuse and/or lined and not completely intact. Furthermore, most CD31
+ ECs expressed and secreted Shh in human GBM samples, although some tumour cells were surrounded with Shh ( Figure 1B ), indicating that ECs were an important source of Shh. We then observed that in the primary samples, Shh was detected in the area close to CD133 + cells, indicating that CD133 + GSCs were located next to Shh-expressing cells or surrounded by Shh ( Figure 1C ). Further, we found that glioma cells closer to CD31 + ECs had a significantly higher expression of Gli1 in the nuclei ( Figure 1D ). After quantitatively analysing Gli1
+ GBM cells and their correlations to ECs, we found that most of Gli1-expressed GBM cells were perivascular cells (pGCs; 65.99 ± 7.11%) and some were distant cells (dGCs; 34.00 ± 7.12%; see supplementary material, Figure S1A , B). Additionally, we confirmed that these CD31
+ cells also expressed VE-cadherin ( Figure 1E ) but not CD45 ( Figure 1F ), indicating that they were not haematopoietic. Our data suggest that the HH pathway may participate in the interaction between GSCs and ECs.
Endothelial cells promote tumour sphere formation and CD133 expression by glioma cells in vitro and tumour growth in vivo
To explore the mechanism underlying the interaction between GSCs and ECs, we utilized transwell co-culture. Both GL261 and U251 cells were tested for their ability to form tumour spheres after being cultured with corresponding ECs. As shown in Figure 2 , tumour spheres generated from both cells cultured with ECs were much larger than those generated from both cells in the absence of ECs (Figure 2A) . Meanwhile, proliferation of GL261 cells was not affected by their interaction with b.END3 cells (see supplementary material, Figure S2A ). A limiting dilution assay revealed that the sphere-forming capacity of GL261 and U251 cells precultured with ECs was higher than that of glioma cells alone ( Figure 2B ). FACS analysis demonstrated that CD133 + glioma cells were significantly enriched after being co-cultured with corresponding ECs ( Figure 2C ). In order to verify the effect of ECs on glioma cells in vivo, we performed grafted tumour experiments, using both subcutaneous and orthotopic transplantation. Our orthotopic transplanted tumour model revealed that co-injection of GL261 and b.END3 cells led to earlier deaths of mice ( Figure 2D ) with larger allografts ( Figure 2E ) than GL261 cells alone, which was also confirmed by subcutaneous transplantation experiments (see supplementary material, Figure S2B ). Further investigation revealed that allografts generated by co-injection of GL261 and b.END3 cells contained more CD133 + GSCs (see supplementary material, Figure S2C ), higher microvessel density (MVD; see supplementary material, Figure S2D ) and Ki-67 index (see supplementary material, Figure S2E ), as compared to the allografts generated from GL261 cells alone. Although the cell cycle of GL261 cells was not changed after co-culture with b.END3 cells, which is inconsistent with previous findings by others [25, 26] , the higher Ki67 index indicated that endothelial cells could enhance not only the CSC phenotype but also proliferation in glioma cells. Our data suggest that ECs enhance tumour initiation and growth, possibly through promoting CSC-like phenotype of glioma cells.
Endothelial cells up-regulate the expression of CSC-associated genes in glioma cells
Olig2, Sox2 and Bmi1, key genes in maintaining the stemness of GSCs [18, 27, 28] , could be detected in both GL261 and U251 cells. As shown in Figure 3 , Olig2, Bmi1 and Sox2 were all over-expressed in GL261 cells co-cultured with b.END3 cells, and the expression change of Olig2 was most obvious among them ( Figure 3A) , which was also in parallel with their corresponding protein levels, as demonstrated by western blot analysis ( Figure 3B ). In the U251 cells cultured with HUVECs, Olig2, Bmi1 and Sox2 were also over-expressed at the levels of both mRNA ( Figure 3C ) and protein ( Figure 3D ). Immunofluorescence confocal microscopy not only revealed increased intensities of Olig2, Bmi1 and Sox2 but also that Olig2 was translocated from the cytoplasm to the nuclei in GL261 cells after co-culture with ECs ( Figure 3E ). These data demonstrate that ECs are able to up-regulate the expression of stemness-related genes in glioma cells upon their interaction with each other.
HH pathway is significantly activated in the glioma cells co-cultured with endothelial cells
To determine whether HH pathway activation plays any role in glioma cells co-cultured with ECs, we examined the expression of Gli1 together with Hes1 and β-catenin, since they have all been reported as crucial to CSC self-renewal and proliferation [29] [30] [31] . As shown in Figure 4A , Gli1 expression was significantly increased in GL261 cells co-cultured with ECs, but the expressions of both Hes1 and β-catenin remained unchanged. Meanwhile, increased Gli1 expression positively correlated with co-culture time ( Figure 4A ). Furthermore, Gli1 was over-expressed in the U251 cells co-cultured with HUVECs ( Figure 4B ). We then performed immunofluorescence confocal microscopic analysis to examine the translocation of Gli1, one of the critical indicators to demonstrate HH pathway activation. As shown in Figure 4C , Gli1 moved completely from the cytoplasm compartment to the nuclei in GL261 cells co-cultured with b.END3 cells, indicating that the HH pathway was functionally activated. However, the locations of both β-catenin and Hes1 were not affected by b.END3 cells ( Figure 4C ). Taken together, these results indicate that the HH pathway is activated in glioma cells when cultured with ECs.
Inhibition of the Hedgehog pathway hampers the appearance of GSC-like phenotype of glioma cells
To determine whether HH pathway activation mediated the promotion of a GSC-like phenotype, we generated Smo-knockdown GL261 cells (shSmo-GL261; see supplementary material, Figure S3A ), because Smo is the important intermediary factor in the canonical HH pathway. Tumour spheres formed by shSmo-GL261 cells were not only smaller in size ( Figure 5A ) but also fewer in number ( Figure 5B ) than those formed by mock-GL261 cells. Furthermore, ECs had less effect on formation of tumour spheres by shSmo-GL261 cells ( Figure 5A, B) . Additionally, CD133 was down-regulated in shSmo-GL261 cells, and the level of CD133 in the shSmo-GL261 co-cultured with ECs could not increase to that in the mock-GL261 cells co-cultured with ECs ( Figure 5C ; see also supplementary material, Figure S3B ). Moreover, the expressions of Sox2, Olig2 and Bmi1 were all reduced in shSmo-GL261 cells, on which ECs had no effect ( Figure 5D ). Allografts were generated from shSmo-GL261 cells and mock-GL261 cells that were injected with or without ECs. ShSmo-GL261 cells generated significantly smaller tumours than mock-GL261 cells, regardless of the presence or not of ECs ( Figure 5E ; see also supplementary material, Figure S3C ). Collectively, these results indicate that the stemness of GL261 is enhanced upon HH pathway activation and suggest that the promotion of GSC-like phenotype by ECs is mediated through the HH pathway.
Shh secreted from endothelial cells is important in both activating HH pathway and promoting CSC-like phenotype in glioma cells
Expression of Shh was detected in ECs. RT-PCR analysis showed that expression of Shh was dramatically up-regulated in the b.END3 cells co-cultured with GL261 cells (Figure 6A) , and the concentration of Shh in the supernatant collected from co-cultured cells was much higher than that of b.END3 cells or GL261 cells alone, as determined by ELISA assay ( Figure 6B ). To determine whether Shh secreted from ECs had a significant influence on glioma cells, we generated Shh-knockdown b.END3 cells (siShh-b.END3; see supplementary material, Figure S4D ). As shown in Figure 6C , D, both mRNA expression and protein abundance of Gli1 were significantly decreased in GL261 cells co-cultured with siShh-b.END3 cells as compared to wild-type b.END3 cells. Moreover, the expressions of Olig2, Bmi1 and Sox2 ( Figure 6D ) and the portion of CD133 + GL261 cells ( Figure 6E ) were also reduced in GL261 cells co-cultured with siShh-b.END3 cells. Furthermore, the size and number of tumour spheres formed by GL261 cells co-cultured with siShh-b.END3 cells were significantly smaller and reduced, respectively ( Figure 6F ). To examine how Shh in b.END3 cells was up-regulated, we detected CXCR4 and VEGF in our co-culture model. Both CXCR4 and VEGF in co-cultured b.END3 cells ( Figure 6G ) and SDF1 in co-cultured GL261 cells ( Figure 6H ) were significantly induced. Treatment with VEGF, but not SDF1 (see supplementary material, Figure S3F ), could increase Shh expression in both b.END3 cells and HUVECs ( Figure 6I ). Thus, our data imply that GL261 cells may stimulate Shh secretion from b.END3 cells, and that Shh secreted from ECs activates the HH pathway to promote a CSC-like phenotype, possibly through the VEGF stimulation.
Prognosis of glioma patients is associated with expression of Shh from endothelial cells and Gli1 from glioma cells
CD34
+ ECs, arranged in linear fashion, clustered and in microvessels, were observed in glioma specimens. Gli1 expression was much stronger in glioma cells near ECs (see supplementary material, Figure S4 ). The expressions of Shh on ECs and Gli1 on pGCs were 72% (24/33) and 61% (20/33), respectively, in low-grade glioma (WHO grade II). In high-grade glioma (WHO grades III-IV), the positive rates of Shh on ECs and Gli1 on pGCs were 81% (26/32) and 84% (27/32), respectively. Higher expression of Shh on ECs was observed in 18% (6/33) of low-grade glioma and 44% (14/32) of high-grade glioma, while the higher expression of Gli1 on pGCs was 24% (8/33) in low-grade glioma and 47% (15/32) in high-grade glioma. Expressions of both Shh and Gli1 were significantly related to WHO grades of glioma but not to gender, age, KPS and tumour location ( Table 1 ). Based on Shh/Gli1 expression, patients were divided into two groups, a negative or moderate group and a high-expression group. Kaplan-Meier analysis revealed that expressions of Shh on ECs ( Figure 7A ) and Gli1 on pGCs ( Figure 7B ) were all related to the length of patient survival, with high expression implying worse prognosis. Taken together, our results indicate that Shh on ECs and Gli1 on pGCs may be useful indicators of prognosis in glioma patients.
Discussion
GSCs are responsible for glioma initiation, propagation, resistance to radiotherapy and recurrence, although the definition and existence of CSCs remain debatable. Emerging experimental evidence suggests the possibility that a more differentiated cancer cell might dedifferentiate into a CSC [32] . A dynamic equilibrium may exist between CSCs and non-CSCs within tumours, with tumour cells continually shifting from one type to another, or in between [33] . The tumour niche appears to push the equilibrium toward CSCs [11, 34, 35] . Moreover, the perivascular niche is enriched with CSCs [7, 36, 37] , suggesting that ECs may be reprogrammed to support tumourigenesis [38] [39] [40] . However, the exact interaction between a CSC and its perivascular niche is still unclear. Our data demonstrate that ECs regulate GSCs via the HH pathway, as evidenced by observations that GSCs are located close to ECs, and that the HH pathway in perivascular glioma cells was activated. ECs promoted a GSC-like phenotype in vitro and enhanced tumour formation in vivo by activating the HH pathway of glioma cells. Both Shh over-expression by ECs and Gli1 up-regulation in glioma cells were important in enrichment of the cells with GSC phenotype. The perivascular niche promotes a GSC-like phenotype through multiple ways [35] . Recent studies have shown that nitric oxide and NOTCH ligands released from tumour ECs activated the NOTCH pathway and promoted stem-like characters in GBM and colorectal cancer [37, [41] [42] [43] . Moreover, one recent study has reported that activation of the HIF2a and PI3K pathway is also required for the growth of cancer stem-like cells within the endothelial niche in GBM and medulloblastoma [44] . Here, we innovatively demonstrate that the HH pathway is an important mediator of the GSC niche. The HH pathway is activated in various tumours, including glioma [45] . It has also been reported that the HH pathway is characteristically activated in the subtypes of medulloblastoma [46, 47] and PTCH mutation persistently activates the HH pathway and promotes medulloblastoma [48] . Bmi1 is also important in HH-driven medulloblastoma [49] . In glioma, the HH pathway, IDH mutation and Bmi1 participate in tumour growth, GSC self-renewal and tumourigenicity [50, 51] . Inhibition of the HH pathway in GSCs produces significant but incomplete tumour regression [52] [53] [54] . Ehtesham et al [55] found that the HH pathway was not activated in primary GBM, but only in grade II and III gliomas, which is partially contradicted by a report by Bar et al [53] . The latter found that the HH pathway was also highly activated in grade IV gliomas. Our results are consistent with the report by Bar et al, since we also detected PTCH expression in 12 of 15 primary GBMs and 8 of 10 grade II glioma samples (see supplementary material, Figure S5A , B). We reason that the discrepancy may be due to extreme heterogeneity of glioma cells and sample location within the tumour.
Shh is expressed by tumour ECs in human gliomas and PDGF-driven gliomas [56] . We observed that Shh was increased in ECs when cultured with glioma cells, indicating that Shh expression by ECs could be regulated by glioma cells. NF-κB also induces Shh expression [57] . Further, the CXCL12-CXCR4-NF-κB axis also induces Shh over-expression in tumour cells [58] . The VEGF pathway interacts with the HH pathway [59] . GSCs indeed secrete VEGF and SDF1 to promote angiogenesis [60] , and both VEGF and CXCR4 pathways are activated in GBM and GSCs [12, [61] [62] [63] . We demonstrated that VEGF, but not SDF-1, induced Shh expression in ECs, although the VEGF and CXCR4 pathways were activated in the ECs and glioma cells co-culture model. In summary, we have explored the mechanism underlying the interaction between GSC and its niche, where ECs promote CSC-like phenotype of glioma cells by activating the HH pathway. Treatment targeting on ECs by inhibiting Shh secretion may be an innovative way to improve prognosis in glioma patients.
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